Abstract-Ethanol steam reforming (ESR) in the presence of bimetallic nanocatalysts containing Pd-Ru, Pd-Ni, Pt-Ru, and Pt-Ni alloys deposited on detonation nanodiamonds (DNDs) in conventional and membrane reactors has been studied. The effect of some ESR parameters, such as catalyst composition, water/ethanol molar ratio, and temperature, on the hydrogen yield has been studied. The highest hydrogen yield is achieved in a conventional reactor using a Pt-Ru/DND catalyst. In the case of the ESR process running in a membrane reactor and simultaneous removal of hydrogen through membranes made of Pd-Ru or Pd-Ru-In alloys, the hydrogen yield is higher than that obtained in ESR in a conventional reactor. The hydrogen recovery rate from the retentate zone is up to 46%, whereas a high-purity hydrogen stream is withdrawn from the permeate zone.
INTRODUCTION
Close attention is currently being paid to the search for alternative energy sources. A promising energy source is hydrogen, because it has a low weight, exhibits a high power capacity, and undergoes oxidation to form a single product-water; therefore, this fuel is environmentally friendly. These properties of hydrogen are unique and nonalternative. The use of hydrogen as an energy carrier for fuel cells is one of the most promising directions in modern power engineering [1, 2] .
Fuel cells based on polymer electrolyte membranes have a number of advantages-such as compactness and high power-over other types of fuel cells; their main disadvantage is the necessity to use ultrapure hydrogen (less than 10 ppm CO) to prevent the catalyst from anode poisoning [3, 4] .
There are many published studies on hydrogen production for fuel cells using oxygen-containing compounds, such as methanol and ethanol [8] [9] [10] , or hydrocarbons, such as natural gas, propane, and gasoline [8, 11, 12] . Ethanol steam reforming (ESR) is more attractive than methanol steam reforming owing to the lower toxicity of ethanol [13] [14] [15] and the possibility of producing ethanol from biomass, which is a renewable energy source. The resulting aqueous solution with an ethyl alcohol content of 8-12% can be directly used for steam reforming [15] [16] [17] [18] [19] .
In terms of stoichiometry, the main reaction for hydrogen production from ethanol corresponds to the formation of six hydrogen molecules per alcohol molecule: (1) In addition, the occurrence of other reactions is observed; they lead to the formation of carbon monoxide, acetaldehyde, and methane.
Typical ESR catalysts are Rh, Ru, Pd, Pt, Ni, Co, and Cu metals deposited on various supports, such as Al 2 O 3 , SiO 2 , MgO, CeO 2 , and La 2 O 3 [15, [20] [21] [22] [23] [24] [25] . The ESR process mechanism depends on the nature of the selected catalyst and support [15, 20, 26] . Supports exhibiting acidic properties will contribute to ethanol dehydration to ethylene, whereas base supports will contribute to ethanol dehydrogenation to form acetaldehyde and secondary products, such as acetone, ethyl acetate, and butenes.
Recently, new carbon materials, such as nanotubes, nanowires, graphenes, and nanodiamonds, have attracted increasing attention [27, 28] . The pro-
173 kJ mol . H duction of detonation nanodiamonds (DNDs) is based on the detonation of explosives or their mixtures with a negative oxygen balance in a closed vessel and a nonoxidizing atmosphere [29] . The core of the resulting particles has the structure of a diamond with sp 3 -hybridized carbon atoms. The surface of DND particles is a deformed carbon shell with a thickness of 1-4 carbon layers. The structure and chemical composition of the shell are determined by the synthesis conditions.
Owing to the presence of oxygen-containing groups (carboxyl, carbonyl, hydroxyl) on the DND surface [30, 31] , these nanodiamonds can be used as catalyst supports [32, 33] ; they exhibit intrinsic catalytic activity [35] [36] [37] [38] [39] . A number of studies were focused on the decomposition of alcohols (methanol and ethanol) to produce hydrogen in the presence of various nanodiamonds [40] [41] [42] [43] ; this process is of interest for hydrogen power engineering. According to the authors of [43] , the activity of nanodiamonds as supports exceeds the activity of activated carbon, despite the smaller specific surface area of the former.
An interesting solution to the problem of producing high-purity uncontaminated hydrogen for fuel cells is the use of membrane reactors for steam reforming to increase the ethanol conversion at a lower temperature [44] . The use of membranes provides the continuous selective removal of one of the products-hydrogenand thereby makes it possible to increase the alcohol conversion (thermodynamic equilibrium shift effect) [44] [45] [46] [47] . Dense membranes of palladium (and Pd alloys) are hydrogen permeable; they are used in membrane reactors intended for the production and isolation of hydrogen containing no impurities [48] [49] [50] [51] [52] .
This study is focused on the ESR process to produce hydrogen in the presence of nanocatalysts containing Pd-Ru, Pd-Ni, Pt-Ru, and Pt-Ni alloys supported on DNDs in conventional and membrane reactors. Foils of Pd-Ru or Pd-Ru-In alloys are used as the membranes.
EXPERIMENTAL
The catalysts were synthesized by the deposition of metal chlorides on DNDs and subsequent exposure of the samples to IR radiation as described in [34] . The studied Pd-Ru/DND, Pd-Ni/DND, Pt-Ru/DND, and Pt-Ni/DND catalysts had the form of alloys containing Pt, Pd, Ru, and Ni at a Pt(Pd) : Ru(Ni) ratio of 9 : 1 and a total metal content of 1%. The synthesized catalysts were exposed to an H 2 atmosphere at 400°C for 2 h.
The surface area and pore volume of the samples were measured by low-temperature nitrogen adsorption on a Micromeritics ASAP-2020 specific surface area and porosity analyzer (United States). Specific surface area was determined by the BrunauerEmmett-Teller (BET) method according to the results of measurements in a relative pressure range of Р/Р 0 = 0-1 using the BET equation for the polymolecular adsorption of vapors.
X-ray diffraction analysis of the samples was conducted on a Rigaku D/Max-2200 diffractometer (CuK α1 radiation) in the step scanning mode. Spectra were analyzed using the Rigaku Application Data Processing software package.
Catalyst surface was studied by scanning electron microscopy (SEM) on a Carl Zeiss Nvision 40 instrument equipped with an electron probe microanalysis attachment (accelerating voltage of 1 kV) and also on a Tescan Mira LMU instrument at an accelerating voltage of 10 kV. Transmission electron microscopy (TEM) studies were conducted on a JEM-2010 electron microscope (JEOL, Japan) in a magnification range of ×50-1500000.
Catalytic Testing Procedure
A weighed portion of the catalyst (0.3 g) was mixed with a fine fraction of silica (1-3 mm); the mixture was loaded into a reactor, which had the form of a stainless steel tube with an inner diameter of 0.9 cm and a length of 21.5 cm. The reactor was placed in a high-temperature tube furnace; heating was conducted in a temperature range of 350-550°C in an argon atmosphere. The reactor temperature was controlled using a TPM 201 measuring controller equipped with a chromel-copel thermocouple. A liquid mixture of ethanol and water at a molar ratio of 1 : 3 or 1 : 9 was supplied into an evaporator using a P-600 infusion pump at a rate of 2 mL/h; the vapors leaving the evaporator were mixed with carrier gas to be fed into the reactor. Vaporous ESR products (water, ethanol, acetaldehyde) were condensed at the exit of the reactor at the melting temperature of ice. Incondensable gases were directly supplied for analysis into an LKhM 8MD chromatograph equipped with a thermal conductivity detector and a Porapak-T column coated with a stationary phase; helium was used as a carrier gas. Carbon monoxide and carbon dioxide were analyzed on a column packed with activated carbon in the same chromatograph. The hydrogen and methane concentration was determined using a Chrom-4 chromatograph equipped with a Zeosorb CaA column and a thermal conductivity detector. Chromatograms were recorded and processed on a computer using the Ecochrom program.
Another set of tests was conducted in a plate-type membrane reactor described in [54] . Catalyst samples mixed with silica (fraction of 1-3 mm) were placed in the reaction zone of the membrane reactor, which consisted of two compartments separated by a dense membrane in the form of a foil of a Pd-Ru (6 wt % Ru) or Pd-Ru-In alloy (0.5 wt % Ru, 6 wt % In). The foil thickness was 50 μm; the volume of the reaction zone The ESR process in the membrane reactor was studied under flow conditions in a temperature range of 350-550°C. The flow rate of the carrier gas (argon) on the retentate and permeate side was 30 and 40 cm 3 /min, respectively.
Analysis results were used to calculate ethanol conversion X, ESR product selectivity S i , catalyst efficiency with respect to products per gram of active metals B i (mol prod /(h g), and product yield per mole of reacted ethanol b i (mol prod /mol alc ):
where ϕ 0 and ϕ 1 is the initial and final ethanol concentration, respectively; ϕ i is the concentration of the ith product of ESR (H 2 , CO, CO 2 , CH 4 , CH 3 CHO); V is the flow rate at the outlet of the reactor (mol/h); m is the weight of the metals contained in the catalyst (g); and F is the feed rate of EtOH (mol/h).
The hydrogen permeability of the membranes was determined by the chromatographic method [53] . Pure hydrogen was fed into the retentate port at a rate of 50 cm 3 /min; argon was fed into the permeate port at a rate of 40 cm 3 /min. Hydrogen concentration in the retentate zone and the concentration of hydrogen diffused through the membrane (permeate zone) were determined by chromatography.
Hydrogen recovery rate was calculated by the formula (6) where is the hydrogen flux in the permeate zone and is the total hydrogen flux in the retentate and permeate zones.
RESULTS AND DISCUSSION
The metal content in the catalyst samples was less than 1%; the metal particle size was too small to record X-ray diffraction reflections. Therefore, test catalyst samples with a metal content of 10% were specially synthesized. Figure 1 shows a typical diffraction pattern using the example of a 10Pd-Ru/DND catalyst; the pattern exhibits reflections corresponding to the nanodiamond and Pd phases.
The morphology of the DNDs and 1Pt-Ni/DND, 1Pt-Ru/DND, and Pd-Ru/DND catalysts was studied by SEM and TEM (Fig. 2) . The DND powder is a set of aggregates of different sizes; the average particle size is about 4-6 nm; the outside appearance of the powder changes only slightly after the deposition of a metal (Figs. 2a, 2b) [38] .
The different crystal faces are characterized by different morphologies and heats of adsorption; accordingly, their catalytic activity can be different. The PtRu/DND catalyst surface comprises layers with an interplanar spacing of about 1.95 and 2.25 Å, which corresponds to reflections of the (200) and (110) faces, respectively (Fig. 2c) .
The specific surface area of the synthesized samples is 285 ± 5 m 2 /g (Table 1 ); the nature of the deposited metal does not affect the change in the surface area. In addition, Table 1 shows that the specific surface area of the catalysts significantly decreases after catalytic tests. At high temperatures, the occurrence of mass transfer leading to an increase in the crystal size can be observed. However, for the studied catalysts, only the particle size of the metals can increase, because diamond has an extremely high melting point and, accordingly, a low atomic mobility. Therefore, it can be assumed that a dominant contribution to the decrease in the surface area comes from agglomeration. The occurrence of agglomeration is clearly shown by the micrograph (Fig. 2b) .
Ethanol Steam Reforming in a Conventional Reactor
Typically, the occurrence of ESR (1) is accompanied by a number of side reactions (7)- (13) [55]: At a water/alcohol molar ratio of 3 : 1, during ESR in a conventional flow reactor, the formation of acetaldehyde and ethylene was hardly observed, while the other gaseous products (H 2 , CO 2 , CO, CH 4 ) were formed in considerable amounts (Fig. 3) . With respect to hydrogen yield at temperatures above 450°C, the studied catalysts can be arranged in the following order: Pt-Ru/DND > Pd-Ru/DND > Pd-Ni/DND ≈ Pt-Ni/DND (Fig. 3a) . An important advantage of the Pt-Ru/DNT catalyst is a significantly lower CO yield (Fig. 3b) . However, this catalyst is characterized by a high yield of methane, the formation rate of which considerably increases with increasing temperature (Fig. 3c) . Since an increase in methane formation is observed against the background of a decrease in the CO yield, it can be assumed that methane is mostly formed via reaction (13) . Carbon that is formed simultaneously is deposited on the DND surface and (Fig. 2b) and DND aggregation.
An increase in the water/alcohol molar ratio from 3 : 1 to 9 : 1 provides a significant decrease in methane formation. Thus, in the presence of the Pt-Ni/DND catalyst, the CH 4 concentration in the products decreases almost twofold. This effect is apparently attributed to a shift of the equilibrium of reaction (13) upon the additional introduction of one of the reaction products.
Ethanol Steam Reforming in a Membrane Reactor
The ESR process in a membrane reactor occurs in a more preferred mode. At a water/alcohol ratio of 9 : 1, at 350 and 450°C, the alcohol conversion achieved 87-89 and 98-99%, respectively. Unlike a conventional reactor, in a reactor with the Pd-Ru alloy membrane, at a water/alcohol ratio of 9 : 1, the total hydrogen yields over the Pt-Ni/DND and PtRu/DND catalysts are close (Fig. 4a) .
With respect to hydrogen yield in the permeate zone, the catalysts can be arranged in the following order: Pt-Ru/DND > Pd-Ru/DND > Pt-Ni/DND (Fig. 4b) ; with respect to the formation of CO, the order is as follows: Pt-Ni/DND > Pd-Ru/DND > Pt-Ru/DND (Fig. 4c) ; this fact suggests that, in the presence of high CO concentrations in the retentate zone, the hydrogen transport across the membrane is inhibited. Figure 5 clearly shows the advantage of using a membrane reactor over the use of a conventional reactor in the presence of Pt-Ru/DND catalysts. Selective removal of one of the reaction products (hydrogen) through the membrane makes it possible to increase the total hydrogen yield by a factor of 1.5-2. The process selectivity also increases. All other things being equal, the CO concentration in the retentate zone is lower than that during ESR in the conventional reactor.
Some authors [48, 50, 51] described the advantages of using Pd-Ru-In alloy foils (0.5 wt % Ru, 6 wt % In) as membranes for hydrogen recovery; the advantages include the hydrogen permeability exceeding the permeability of a Pd-Ru alloy [48] , fairly high strength properties, corrosion stability, and resistance to the effect of CO and CH 4 [50, 51] .
Therefore, it was of interest to implement the ESR process in the presence of a Pd-Ru-In alloy membrane using the example of the Pd-Ru/DND catalyst. Figure 6a shows that, in the presence of the Pd-RuIn membrane, the total hydrogen yield was significantly higher than that in the case of using the Pd-Ru alloy membrane. In addition, the amount of hydrogen transferred to the permeate zone across the ternary alloy membrane was considerably higher than the amount of hydrogen transferred to the permeate zone across the Pd-Ru membrane (Fig. 6b) ; owing to this feature, even in the presence of the less active PdRu/DND catalyst, the hydrogen yield was close to that obtained over the most active Pt-Ru/DND catalyst in the reactor with the Pd-Ru alloy membrane. This effect is not associated with differences in the catalytic activity of the surface of membranes of different compositions, because the intrinsic surface area of the membranes is smaller than the specific surface area of the catalysts used (~1.3 × 10 -3 and 285 m 2 /g, respectively) and their activity cannot significantly contribute to the product yield. This, a control test at 450°C without introducing a catalyst into the membrane reactor with the Pd-Ru alloy membrane showed that the alcohol conversion in the presence of the membrane is less than 1%, all other things being equal. Table 2 lists hydrogen recovery rates (r) in the permeate zone of membrane reactors with membranes of different compositions. The hydrogen recovery rate depends not only on the membrane composition, but also on the properties of the ESR catalysts used. Thus, during ESR in the presence of the Pt-Ni/DND catalyst, a significant amount of hydrogen is formed; however, the fraction of hydrogen transferred to the permeate zone is lower than 5%. This finding is attributed to the high carbon monoxide yield over this catalyst. At the same time, in the presence of the Pt-Ru/DND catalyst, the highest hydrogen recovery rate across the Pd-Ru membrane was 36.4%; in the case of the PdRu/DND catalyst and the Pd-Ru-In membrane; the respective parameter was 46.7%.
It should be noted that, in the case of ESR in membrane reactors, the hydrogen at the outlet of the permeate zone does is free from carbon-containing impurities. According to chromatographic analysis, the permeate does not contain CO x components.
The implementation of the ESR process in a membrane reactor with simultaneous removal of hydrogen through membranes made of Pd-Ru or Pd-Ru-In alloys provides a higher hydrogen yield than that obtained in ESR in a conventional reactor. The use of the Pd-Ru-In membrane exhibiting a higher hydrogen permeability than that of the Pd-Ru alloy membrane, in the presence of the less active Pd-Ru/DND catalyst, provides a hydrogen yield that is close to the hydrogen yield over the most active Pt-Ru/DND catalyst in a reactor with the Pd-Ru alloy membrane. In this case, the recovery rate of high-purity hydrogen from the retentate zone achieves 47%; the process selectivity also increases. 
